Nonlinear Faraday Rotation and Superposition-State Detection in Cold Atoms 
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We report on the first observation of nonlinear Faraday rotation witli cold atoms at a temperature 
of ~100 jjK. The observed nonlinear rotation of the light polarization plane is up to 0.1 rad over 
the 1 mm size atomic cloud in approximately 10 mG magnetic field. The nonlinearity of rotation 
results from long-lived coherence of ground-state Zeeman sublevels created by a near-resonant light. 
The method allows for creation, detection and control of atomic superposition states. It also allows 
applications for precision magnetometry with high spatial and temporal resolution. 

PACS numbers: 33.57.+C, 42.50.Dv, 42.50.Gy, 32.80.Xx 
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The linear Faraday rotation (LFR) of the polarization 
plane of light propagating in the medium is a well known 
consequence of optical anisotropy caused by a longitudi- 
nal magnetic field. For thermal gases the Doppler effect 
broadens the range of the magnetic fields where the effect 
is visible and reduces the size of the maximum rotation 
relative to atoms at rest. The use of cold atoms with their 
Doppler width narrower than the natural linewidth dis- 
tinguishes this situation from experiments at room tem- 
perature. The experiments on LFR with cold atoms were 
performed in a magneto-optical trap (MOT) [ll-0|, and 
in an optical dipole trap 

Application of strong, near-resonant laser light may 
result in the creation of coherent superpositions of Zee- 
man sublevels of an atomic ground state. Such su- 
perpositions (Zeeman coherences) are known to be re- 
sponsible for a variety of coherent phenomena in light- 
matter interaction, like coherent population trapping Q , 
electromagnetically- induced transparency [6|], nonlinear 
magneto-optical rotation or nonlinear Faraday rotation 
(NFR) 01 and their interplay Q. Superposition states 
are also at the heart of quantum-state engineering (QSE). 
Most of QSE experiments require initial states of well de- 
fined atomic spin (or total angular momentum F), usu- 
ally prepared in a stretched state, which is realized by 
putting most of (ideally all) atomic population into a Zee- 
man sublevel with extreme value of magnetic quantum 
number m |9i]. Below we report how superpositions of 
specific Zeeman sublevels, or Zeeman coherences belong- 
ing to a given F are created in cold ('--'100 /iK) atomic 
samples and observed with high sensitivity using non- 
linear Faraday rotation. In the experiment laser light 
both creates and detects the Zeeman coherences. The 
same detection technique can be applied to detect the 
presence of Zeeman coherences already introduced with 
other mechanisms. Furthermore, the time-dependent de- 
tection provides information on the temporal evolution 
of the superposition states. 

The described experiment shows the potential of 
NFR with cold atoms for precision magnetometry with 



prospective fiG sensitivity, large dynamic range (zero- 
field to several G), and sub- mm spatial resolution in 
magnetic field mapping. Magnetic field sensing with 
cold atoms utilizing Larmor precession of alkali atoms 
in a magnetic field has been discussed in: MOT [lo| . 
Bose-Einstein condensate (ill , [l^ and an optical dipole 
trap [l^ . Our measurements apply a different principle: 
rather than measuring Larmor frequency (single atom 
quantity) , we measure rotation of a polarization plane (a 
cumulative effect over the whole sample), which may offer 
higher accuracy in very low magnetic fields. In our ex- 
periment the rotation is mainly caused by the nonlinear 
medium's birefringence resulting from the light-induced 
Zeeman coherences [l4, 15|, regarded as the diamagnetic 
effect. The rotation resulting from population imbalance 
(paramagnetic effect) was studied with cold atoms in re- 
cent experiments devoted to spin squeezing (l6| . 

For resonant excitation, rotation angle is a mea- 
sure of circular birefringence, 6 oc [n^ — n_), where 
n± are the refractive indices for polarized light and 
n± — 1 cx '^eg R^{degPeg) with E being the light 
electric field amplitude, d^g the dipole moment, and peg 
the density matrix element. The summation goes over 
all ground- and excited-state sublevels g and e linked 
by the allowed transitions, as shown in Fig. [TJd. In 
the stationary regime, p^g can be expressed as peg = 

Y^e'g'i^eg'Pg'g " Pee'^e' g) I {5eg " «r/2), whcrC Sap and 

r^Q^ denote respectively the light detuning and Rabi fre- 
quency for the a o /? transition, and r/2 is the relax- 
ation rate of the optical coherence. This relation indi- 
cates that optical coherences, and consequently also the 
refractive indices and rotation angle, depend on the den- 
sity matrix elements pgig and pee' which represent pop- 
ulations of and coherences between Zeeman sublevels of 
the ground and excited states. For not-too-strong light, 
the excited-state coherences are negligible and all cou- 
plings shown in Fig. [TJj form independent generic A- 
systems which involve coherences between ground-state 
sublevels with Am = ±2. 

The main difficulty in observation of NFR with cold 
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FIG. 1: (a) The setup of the experiment for the balanced po- 
larimeter arrangement. M are mirrors, PBS polarizing beam 
splitters, PD photodetectors, A/2, A/4 waveplates. Direc- 
tion of the magnetic field B necessary for the observation 
of the Faraday rotation is indicated. (For FS scheme the 
A/2 plate is removed and PD2 is not used), (b) Energy 
level-structure with the Zeeman-coherences established by a 
linearly-polarized light. 



atoms is that at light intensity required for creation of 
the Zeeman coherence the laser beam may mechanically 
perturb the cold-atom sample. In our study this adverse 
effect is reduced by retroreflection of the light beam and 
careful optimization of the experimental conditions to 
minimize the light power. 

The experiment (see the setup shown in Fig. [T^) was 
performed with about 10^ ^^Rb atoms using a standard 
MOT. In addition to the trapping and repumping lasers 
we used a separate probe laser whose frequency was tuned 
around the = 3 — ?► F' = 4 hyperfine transition of the 
D2 line (780nm). Fig. [T]3 depicts the Zeeman structure of 
the F = 3 and F' = A states with the transitions induced 
by linearly polarized light (superposition of cr^ polariza- 
tions) . A weak linearly polarized probe beam of several 
/iW in power and 2 mm in diameter was sent through 
the atom cloud and then retroreflected to partially reduce 
light pressure effects. The probe-beam frequency 14 MHz 
below the line center proved to be optimal from the 
point of view of atomic loss which we attribute to extra 
Doppler-cooling mechanism by two counter-propagating 
beams. The double passage of light through the sample 
doubled the acquired Faraday rotation. The light polar- 
ization was measured in two arrangements: using bal- 
anced polarimeter (direct rotation angle measurement) 
and in a crossed polarizers or forward-scattering (FS) 
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FIG. 2: Linear (wide) and nonlinear (narrow) Faraday rota- 
tion resonances centered at _B = 0. NFR resonance is power 
broadened for a better visibility. The probe power is 64 /iW. 

scheme which for resonant light is sensitive to the square 
of the rotation angle. For non-resonant case, circular 
dichroism contributes also to the observed signal. 

In the experiment atoms were collected and cooled in 
the MOT. This phase was periodically interrupted for 
the measurement of optical rotation: the MOT lasers 
and the quadrupole magnetic field were switched off and 
a homogenous magnetic field i? of a controlled value was 
applied along the probe beam. After 2 ms (required for 
complete decay of the eddy currents induced by turning 
off the quadrupole field) the probe beam was switched on 
and polarization rotation was recorded for the next 5 ms. 
Finally, the MOT fields were switched back for 50-200 ms 
and the atomic cloud was recaptured and cooled. This 
procedure allowed recording polarization rotation signals 
as a function of time for each value of the B field. The 
experiment was controlled by a PC, which also digitized, 
stored, and averaged (typically 20 times) the data. 

Typical signals (rotation angle vs. B) associated with 
linear and nonlinear Faraday effect have the form of dis- 
persive resonances nested at B = 0, as shown in Fig. 
[21 The narrow feature is the nonlinear resonance (NFR); 
it appears when the probe beam is sufficiently intense. 
Hereinafter, we refer to this nonlinear resonance as the 
zero-field resonance. The width of the linear resonance 
amounts to several G and corresponds to the natural 
linewidth of the studied transition. It also depends on 
the detuning of the probe beam from resonance condi- 
tion and initial Zeeman- sublevel populations, as has been 
shown in Q . That situation is prominently different from 
the case of vapor cells, where LFR resonance is two orders 
of magnitude broader, because of the Doppler effect 

In Fig. [3] we depict the evolution of the Faraday rota- 
tion signals with the increase of the light power. While 
the wide structure associated with the linear Faraday ef- 
fect represent rotation angle independent on the light in- 
tensity, the central narrow feature clearly exhibits non- 
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FIG. 3: Evolution of the Faraday rotation with increasing 
Ught intensity of the probe beam showing the nonlinear in- 
crease and power broadening of the central resonance. 

linear behavior. The narrow part is due to the superpo- 
sitions of the ground-state Zeeman sublevels which differ 
by |Am| = 2, shown in Fig. [T|d. These are thus the 
light-induced Zeeman coherences that are responsible for 
nonlinearity of the Faraday effect observed with appro- 
priately strong light in very small magnetic fields. The 
narrow width reflects the long lifetime of the ground- 
state superpositions which is a necessary prerequisite for 
qubits and QSE applications. In case of atoms released 
from the MOT, the main mechanism of the resonance 
broadening is the escape time of atoms from the observa- 
tion volume due to gravitation and their initial momenta. 
There is also light-induced expelling of atoms from the 
probed volume which can be seen in Fig. [3] as the drop of 
maximal rotation seen with 16 fiW relative to 8 /xW. An- 
other major contribution comes from transverse magnetic 
fields, and can be understood as power broadening due to 
magnetically-driven transitions between degenerate Zee- 
man sublevels for the near-zero fields. Therefore, DC 
and low-frequency transverse magnetic field components 
have to be precisely compensated for the NFR obser- 
vation. Other broadening mechanisms include gradient 
of the longitudinal magnetic field and power broadening 
due to the probing beam, which can be reduced by using 
appropriate intensity and detuning. The latter offers ad- 
ditional possibility of laser cooling for retrorefiected, red 
detuned probe beam, as mentioned above. 

Time evolution of Faraday rotation squared (FS- 
arrangement) is depicted in Fig. HI The linear effect 
depends only on number of atoms and Zeeman popu- 
lation distribution and thus follows the temporal evolu- 
tion of these quantities. The nonlinear effect results from 
light-atom interaction, i.e., optical pumping with linearly 
polarized light and thus requires some, light-intensity- 
dependent, time to build up. This effect can be seen in 
Fig. O where examples of such evolution for two different 
light intensities are presented. Unlike the linear contri- 




FIG. 4: Time evolution of linear (wide) and nonlinear (nar- 
row) Faraday rotation resonances in FS-arrangement where 
the signal is proportional to magneto-optical rotation angle 
squared. Probe power is 18 fiW. 
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FIG. 5: Time dependence of the nonlinear Faraday rotation 
with a 45 mG magnetic field at two different probe beam 
powers (4 - magnified 8 times and 16 nW) compared to 
the time dependence of the linear Faraday rotation at 3 G 
and 16 fiW. 



bution, the onset of which is limited only by the detector 
time constant, the initial slopes of the nonlinear contri- 
butions indeed depend on the probe power. Both signals 
decay as atoms escape from the probed volume. The sep- 
aration between the linear and nonlinear contributions 
corresponding to a given light power is done based on 
the magnetic field strength: at about 45 mG the LFR is 
negligible and NFR dominates the rotation, whereas the 
opposite is true for magnetic fields of 3 G and above. 

Since the stationary ground-state coherences are de- 
stroyed when Larmor precession becomes faster than the 
coherence relaxation time, direct observation of the NFR 
signals is limited to a very narrow (some mG) range 
around B — 0. One possibility to observe NFR not 
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only around the zero magnetic field is to use modula- 
tion techniques. Two arrangements have been proposed 
using either frequency (FM NMOR or amplitude 

(AMOR [is'l) modulation of light. In both arrangements 
strobed pumping creates the modulated Zeeman coher- 
ence and phase sensitive detection is used to extract the 
magneto-optical rotation amplitude. In addition to the 
zero-field resonance, two other resonances appear in the 
demodulated rotation signal when the modulation fre- 
quency r2„i meets ± twice Larmor precession frequency 
in a given magnetic field. These high-field resonances 
result from the optical pumping synchronous with the 
Larmor precession. The factor of 2 appears because the 
two-fold symmetry of the optical anisotropy associated 
with I Am I = 2 coherences yields modulation at precisely 
twice the Larmor precession. The width of these reso- 
nances is determined by the coherence lifetime and, in 
case of long-lived ground states, can be as narrow as the 
zero field resonance. 

In our experiment the AMOR technique was applied: 
the probe beam was periodically chopped using the 
acousto-optical modulators. Use of modulation frequen- 
cies up to ~10 MHz allowed detection of resonances in 
magnetic fields as large as 9 G. This is an order of magni- 
tude higher field compared to previous FM NMOR and 
AMOR work and demonstrates the method's potential 
for precision magnetometry in a wide range of fields. This 
range can be further extended by using electro-optical 
modulators up to the fields where the nonlinear Zeeman 
effect starts to affect the signals. Figure [6] shows NFR 
signal with two AMOR resonances at ±3 G that are the 
evidence of driving |Ato| = 2 coherences at non-zero 
magnetic fields. 

In conclusion, we have demonstrated the nonlinear 
Faraday rotation for a sample of cold atoms both with 
cw and modulated laser beams. The use of retroreflected 
beam alleviated the problem of mechanical perturbation 
of the cold atoms by the probe beam. In contrast to pre- 
vious experiments with pure quantum states of oriented 
spins, the NFR measurements allow control and conve- 
nient studies of long-lived superposition states of aligned 
spins, i.e. quantum superpositions of Zeeman sublevels 
belonging to a given F. In particular, we are able to vary 
the degree of Zeeman coherence and monitor its build-up 
and decay, both in the stationary regime {B ~ 0), and 
for the Larmor frequencies up to 10 MHz. In addition 
to its potential for QSE, the NFR effect can be used for 
measuring a wide range of transient and static magnetic 
fields with 10 /is time resolution, sub-mG sensitivity, and 
mm spatial resolution given by the size of the cold atom 
cloud or the beam waist size. The current results are lim- 
ited mostly by finite lifetime of trapped atoms and power 
broadening by the probe beam. Transfer of atoms into 
an optical dipole trap would make probing time much 
longer (~1 s) and the light-atom coupling more effective 
whereas the use of separate pump and probe beams as 
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FIG. 6: NFR with amplitude modulated light (AMOR). The 
narrow central resonance is a typical NFR zero-field resonance 
and the two high field resonances at ±3 G result from ampli- 
tude modulation of the light with Qrn = 2.8 MHz. Presence 
of such high-field resonances allows for precision magnetom- 
etry of non-zero magnetic fields. The broad background is 
the LFR. The slight asymmetry of resonance shapes can be 
attributed to experimental setup imperfection. 



opposed to a single pump-probe beam would alleviate 
power broadening limitations. 
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